contributed equally to this work.
| INTRODUC TI ON
Helicobacter pylori infection is associated with chronic gastritis, peptic ulcer disease, gastric adenocarcinoma, and non-Hodgkin's mucosa-associated lymphoid tissue (MALT) lymphoma of the stomach. 1, 2 East Asian countries with a high incidence of gastric cancer, such as Korea and Japan, have been making efforts to eliminate H. pylori to prevent gastric cancer. 1, 3 Owing to these efforts, the incidence of H. pylori infection has declined but has remained persistently high in Korea.
Korean guidelines state that a definitive indication for H. pylori eradication is peptic ulcer including scarring, marginal zone B-cell lymphoma (MALT type), and early gastric cancer after endoscopic resection. 4 The selection principle of eradication therapy should be combined with nontolerant antibiotics, synergistic anticipation, high drug compliance, and a second-line therapy when eradication fails.
Currently, standard triple therapy (STT), comprising a protonpump inhibitor (PPI) and the antibiotics amoxicillin and clarithromycin, has been used worldwide including Korea as the first-line therapy for H. pylori infection. [5] [6] [7] However, H. pylori eradication rates with STT have been declining and recently reached <80% in many countries. [7] [8] [9] Antibiotic resistance is the main factor that affects the efficacy of current therapeutic regimens against H. pylori. Therefore, many guidelines recommend different treatment options for each region according to antibiotic resistance, particularly against clarithromycin. 10, 11 In addition, various therapies have been proposed for a new effective first-line eradication therapy. Unfortunately, antibiotic resistance tests are not generally recommended before first-line eradication therapy in the H. pylori treatment guidelines. 12 In Korea, it has been reported that the H. pylori eradication rate with first-line therapy has decreased with increasing antibiotic resistance since 2000. [13] [14] [15] Thus, current first-line therapy does not meet the ideal eradication success rate in Korea.
To develop more appropriate treatments, it is important to monitor the current treatment situation and to identify the compliance of the current guidelines in clinical practice. As the optimal regimen reflects local preference and experience, continuous evaluation of treatment outcomes in clinical practice should be taken into account. Thus, it is of utmost importance to evaluate the efficacy of the currently used first-line therapy while considering antibiotic resistance.
The aims of the present study were (a) to monitor H. pylori eradication therapy in clinical practice through a prospective systematic registry database on a nationwide scale in Korea within the recent 5 years and (b) to investigate the relationship between the eradication rate and antibiotic use density in a country with a high prevalence of H. pylori infection through national health insurance data.
| MATERIAL S AND ME THODS

| Study population
This prospective, multicenter, registry study (cris.nih.go.kr/ KCT0001390) was conducted from October 2010 to July 2015 in Korea.
Patients confirmed to be infected by H. pylori and treated for the ensuing infection were enrolled. Patients were not eligible for the study if one of the following criteria was met: known or suspected allergy to PPIs or antibiotics, previous history of gastric surgery, pregnancy or lactation, or therapy with a PPI or antibiotics within 4 weeks of entry.
| Population standardization
In this report, eradication rates were standardized to the mid-year population of 2010, which was defined as the Korean standard population for this study. The standard population provides the age distributions used in the estimation of age-standardized rates.
The mid-year population of 2010 was used as the denominator of the eradication rate and was generated using the resident registration population published annually by the Ministry of Government Administration and Home Affairs. In the present study, we divided the country into seven geographic areas according to administrative district.
| Evaluation of H. pylori infection
Helicobacter pylori infection was diagnosed based on histologic evidence of H. pylori according to Giemsa staining, a positive rapid urease test, a positive H. pylori culture test, and a positive 13 C-urea breath test. Patients were diagnosed as infected if any of these tests was positive. Investigators prescribed the eradication regimen in accordance with   the guidelines established by the Korean College of Helicobacter   and Upper Gastrointestinal Research group. First-line STT included   standard-dose PPI (esomeprazole 40 mg, omeprazole 40 mg, lansoprazole 30 mg, pantoprazole 40 mg, or rabeprazole 20 mg) plus amoxicillin (1000 mg), and clarithromycin (500 mg) twice a day for 7-14 days. Second-line therapy included quadruple therapy (QT, standard-dose PPI twice daily, 120 mg bismuth four times a day, 500 mg metronidazole three times a day, and 500 mg tetracycline four times a day for 7-14 days). Other eradication regimens including concomitant therapy or sequential therapy were also prescribed as first-line or second-line therapy.
| Eradication therapy
To evaluate the success of the eradication therapy, follow-up endoscopy with a rapid urease test and histologic examination or a 13 C-urea breath test were performed at least 4 weeks after the completion of the therapy. H. pylori eradication success was defined as a negative rapid urease test and histology or a negative 13 C-urea breath test that was confirmed within 6 months after H. pylori eradication therapy. Eradication failure was defined as a positive result in any of these tests. Compliance was considered to be satisfactory when drug intake exceeded 80%. Adverse events associated with treatment were also investigated.
| Registry data collection
The electronic data management system for this study was de- 
| Measurement of eradication antibiotic use density
All commercially available eradication antibiotics in Korea were evaluated, including clarithromycin, azithromycin, erythromycin, roxithromycin, dirithromycin, telithromycin, and amoxicillin.
We identified the population of the relevant region by year through the National Statistical Office website (http://kostat.go.kr).
The data used in the calculation of antibiotic use density included the name, dose, total number of days or number of times of administration, daily dose, and single dose. We adopted the defined daily dose (DDD) to measure the antibiotic use density. The DDD is the assumed average maintenance dose per day for a drug used for its main indication in adults. It is used to standardize the comparisons of drug use between different drugs or between different healthcare environments. We calculated the 
| Statistical analyses
Characteristics of patients and eradication rate of H. pylori were summarized using mean and standard deviation for continuous variables, and frequency or percentage for categorical variables. 
| RE SULTS
| Baseline characteristics
We prospectively enrolled 9318 patients from 37 tertiary and academic hospitals that were representative of Korean hospitals. The 37 hospitals that participated in the study were major regional hospitals representing different regions of the country. A total of 6738 patients were identified using their eradication results within 6 months after undergoing H. pylori eradication therapy ( Figure 1 ). The baseline characteristics of these patients who received first-line eradication therapy are summarized in Table 1 . Eradication success after first-line therapy was achieved in 4836 patients (71.8%).
Eradication success declined with age (P < .001). However, there was no significant difference (P = .08) in eradication success between sexes. Concerning regional differences, the Gyeongsang area showed the highest eradication rate with first-line therapy, whereas the Chungcheong area had the lowest (75.2% and 60.9%, respectively, P < .001) eradication rate ( Figure 2 ).
There was no significant difference between patients with a current smoking status or currently consuming alcohol and those not currently smoking or drinking (P = .68 and P = .43, respectively). The eradication rate in patients who had taken other medications, especially nonsteroidal anti-inflammatory drugs, was lower than that in those who had not (P < .001). Patients with previous gastrointestinal disorders or comorbidities had significantly lower eradication rates (P = .011 and P < .001, respectively). The eradication rate in patients with liver cirrhosis or chronic renal failure was significantly lower than that in patients who were free of these diseases (52.9% and 51.7%, respectively).
| First-line H. pylori eradication
The results of H. pylori eradication with first-line therapy are summarized in Table 2 . The overall eradication rate in Korea was 71.8%. The eradication rates were significantly different according to treatment indication. The eradication rates in patients with benign gastric and duodenal ulcers were 67.1% and 74.8%, respectively (P < .001 and P = .005, respectively). The eradication success rate in treatmentnaive patients was higher than that in patients who had previously undergone H. pylori eradication treatment (72.8% vs 60.2%, P < .001).
There were significant differences in the eradication rates according to treatment regimen: 71.4% for STT, 86.9% for QT, and 74.0% for concomitant therapy (CT, P < .001). The most common regimen and treatment duration were STT for 7 days (5383/6738, 79.8%), which achieved a 71.7% eradication success rate (Table 3) . When extended to a 2-week duration, the eradication rates were slightly increased.
Other treatment regimens except STT, QT, and CT were also applied to eradicate H. pylori and were proved to be inferior to STT.
Patients with good compliance with therapy had higher eradication rates than those with poor compliance (72.4% vs 50.0%, P < .001). Of the 1902 patients whose first-line therapy failed, 1155
(60.7%) tried the second-line therapy. The overall eradication rate of second-line therapy was 85.8% (Figure 1 ). There was a statistically significant difference (P = .001) in the eradication rate among various treatment regimens. In particular, bismuth-containing quadruple therapy achieved an eradication success rate of 87.7% (Table 2 ).
Although the eradication success rates varied among regions, the overall eradication success rate has been gradually decreasing for 5 years ( 
| Factors related to first-line H. pylori eradication success
In 
| Density of antibiotic use according to geographic region
The total amount of antibiotics including clarithromycin, azithromycin, erythromycin, roxithromycin, dirithromycin, telithromycin, and amoxicillin was estimated as the DDD per 1000 inhabitants per day. Table 5 shows the annual density of antibiotic use for clarithromycin, other 
| Relationship between antibiotic use density and eradication success
In the present study, the density of antibiotic use has continued to increase over the recent 5 years, while the success rate of H. pylori eradication has been gradually decreasing. However, there was no significant correlation between antibiotic use density and eradication rate according to regional differences (Figure 3 ). Furthermore, there was no significant correlation between the antibiotic use density and eradication rate over time (Figure 4 ). Since the Korean guidelines were established in 1998, STT has been recommended as the first-line therapy for H. pylori eradication in Korea. However, since 2000, the eradication rate has been declining, falling below 80% with increasing antibiotic resistance since 2000. [13] [14] [15] Resistance to commonly used antimicrobials has resulted in increasingly poor cure rates, leading to clinical trials that compare treatment regimens, often without regard to the key role of antimicrobial resistance on outcomes. 17, 18 Based on this, assessing the current therapeutic efficacy of first-line therapy is essential for the development of new treatment regimens. In the present study, the overall eradication rate was only 71.8% for first-line therapy, suggesting that current H. pylori eradication therapy has become suboptimal in Korea. Considering that the majority (91.8%) of cases underwent STT for 7 days, a decline in the eradication rate could imply a serious problem in the management of H. pylori infection in Korea. Fortunately, treatment-naive patients had a significantly higher eradication rate than those treated previously for H. pylori infection. These results strongly suggest that more effective firstline therapy is necessary to treat H. pylori infection as early as possible. Indeed, QT showed a higher eradication rate than STT even in first-line eradication therapy. However, taking into consideration the higher resistance of H. pylori to clarithromycin than to metronidazole, prior macrolide exposure may be a possible cause of the reduced eradication rate later.
Antibiotic resistance is the main factor that affects the efficacy of current therapeutic regimens against H. pylori. 19 In the present study, there were regional differences in eradication rates: the Gyeongsang area showed the highest eradication rate for the first-line therapy, whereas the Chungcheong area had the lowest eradication rate (75.2% vs 60.9%, P < .001). One Korean study reported that the rate of resistance to clarithromycin, prepared using the agar dilution method, was 42.1% in Busan city, the Gyeongsang area, whereas that in the Gangwon area was 12.5%. 21 This result indicates that different guidelines should be applied for H. pylori eradication based on the antibiotic resistance even within the same country or ethnic group. 16 Regional differences in eradication rates are possibly associated with the amount of antibiotics used and population density, which are closely related to antibiotic resistance. We postulated that population density might be an important factor for the development of antibiotic resistance through interpersonal transmission. Therefore, we calculated the DID for the entire nation of Korea. Furthermore, we included all kinds of macrolides for calculating DID because it is well known that macrolides have high cross-resistance with each other.
As a result, the eradication rate has continued to decrease along with an increasing density of antibiotic use. However, the association between the density of antibiotic use and eradication rate according to geographic or chronological differences was unclear. We speculate that the link between eradication rate and antibiotic use density has an overall significant trend, but it does not seem to be meaningful in terms of geography or chronology.
There is no doubt that previous exposure to clarithromycin is one of the major causes of resistance development according to some studies reporting that H. pylori resistance to second-line clarithromycin therapy was significantly higher than that to first-line therapy. 13, 22 Furthermore, we cannot exclude the possibility of multidrug resistance or potential mutations.
To date, this is the most comprehensive, systematic, and easily accessible online registration database tracking H. pylori eradication in Korea. This registration database based on the real status will F I G U R E 3 Antibiotic use density and eradication rate according to seven geographic areas in Korea. There was no significant correlation between antibiotic use density and eradication rate by region F I G U R E 4 Yearly antibiotic use density and eradication rate from 2010 to 2015. There was no significant correlation between antibiotic use density and eradication rate over time serve as a valuable resource for future establishment of new guidelines for a better treatment strategy on H. pylori infection. It also helps to set up a global network for H. pylori control. In particular, the complete enumeration of a nationwide survey on the DDD of clarithromycin, other macrolides, and amoxicillin from the HIRA data minimized bias and strengthened the quality of this study.
There are some limitations in our study. First, as it was an observational study using a registry, not all the patients (6186/6738, 91.8%) observed the current Korean guidelines in real clinical practice. Moreover, 27% of the patients did not confirm eradication results. Therefore, new guidelines accommodating the real status should be implemented in the future. Second, no antimicrobial susceptibility tests were performed before or after eradication therapy. Unfortunately, the data obtained from HIRA could not provide real antibiotic resistance in Korea.
In summary, the current guideline is not completely implemented in real world. The rate of choosing first-line therapy in accordance with the guideline was 91.8%. The eradication rate of first-line therapy has decreased to 71.8% over the recent 5 years, indicating that the currently used first-line therapy including STT has not been satisfying therapeutic expectations in Korea. At the same time, the amount of antibiotics used has been increasing, although the relationship between antibiotic use density and the eradication rate was not found to be significant.
In conclusion, our data present the real status of H. pylori eradication in Korea and support the evidence that the eradication rate of first-line therapy for H. pylori infection has been decreasing in the recent 5 years, irrespective of an increase in antibiotic use in Korea.
Our findings provide strong support to the need for alternate regimens to improve the efficacy of first-line therapy.
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